An in-pile creep rupture experiment was conducted in the experimental fast reactor Joyo to evaluate the creep rupture strength of oxide dispersion strengthened (ODS) ferritic steel under neutron irradiation. ODS has been developed as a most promising fuel cladding material for the next generation fast reactor because of its high temperature resistance and low swelling properties. The irradiation test device MAterial testing RIg with temperature COntrol (MARICO) was developed for the in-pile experiment in Joyo with a temperature control precision of ±4 °C. Twenty four ODS specimens with no fuel were pressurized by helium gas up to 22 MPa to accelerate the creep rupture testing. The specimen temperature in the MARICO is controlled by changing the ratio of argon and helium fill gases, which changes the gas gap thermal conductivity between the double walled capsule containing the specimen. The experiment was carried out in the Joyo MK-III core from April 2006 until May 2007. Each creep rupture event was successfully detected by the temperature change at the exit of the capsule and by gamma-ray spectrometry of the reactor cover gas when the filled gas was released from the specimen. The specimen was then identified by analyzing the tag gas isotopic ratio using laser resonance ionization mass spectrometry (RIMS).
Introduction
Superior radiation resistance and strength at high temperature are essential properties for the cladding of advanced fast reactor fuels because they are used in severe conditions such as a high temperature environment of around 700 °C and an average burn-up of 150 GWd/t, which corresponds to a peak neutron dose as high as 250 dpa. ODS is recognized as the most promising candidate of cladding material to be used for the sodium-cooled fast reactor (SFR) and some of Generation-IV reactors. The ferritic steels are well known to have excellent radiation resistance but have inferior high temperature strength compared with the austenitic stainless steels, and their utilization was therefore limited to around 600 °C. In order to overcome this disadvantage, Japan Atomic Energy Agency (JAEA) has developed a method for microstructure control to disperse nano-sized oxide particles in equiaxed crystal grain and succeeded in producing high performance ODS ferritic steel cladding (1) (2) . The development of ODS cladding manufacturing technology, evaluation of radiation resistance and sodium compatibility, and the development of welding technology are currently in progress. Based on the results, the material design standard is also being investigated. Out-of-pile experiments in both argon and sodium environments have shown that ODS has higher creep rupture strength than the currently used austenitic stainless steel and ferritic steel. The remaining item needed to be confirmed for the mechanical design of ODS cladding tube is the effect of neutron irradiation.
The MARICO is an on-line instrumented material irradiation rig that has been developed and used in the experimental fast reactor Joyo at Oarai Research and Development Center of the JAEA. Temperature control during on-line materials irradiation allows a change of the irradiation conditions to be observed and controlled with high accuracy. However, technical problems due to the high temperature in a sodium environment needed to be solved in order to develop on-line irradiation rigs. In Joyo, the irradiation test using the first device, the MARICO-1, began in 1994. The second device, the MARICO-2, was designed with several upgrades including the utilization of an electric heater, increased irradiation space and temperature range, and improvement of the creep rupture detection method. The MARICO-2 has been used in the Joyo MK-III core to conduct in-pile creep rupture tests of ODS cladding material specimens.
This paper describes the design and development of the irradiation test device and the results of in-pile creep rupture experiments conducted in Joyo.
Core Plant Description of Joyo
Joyo is a sodium-cooled fast reactor with plutonium and uranium mixed oxide (MOX) fuel. The main reactor parameters of the MK-II and MK-III irradiation core are shown in Table 1 (3) (4) .
Core
The plutonium content of the Joyo MK-II driver fuel is about 30 wt%. The 235 U enrichment was initially about 18 wt%. Starting from 1998, some of the MK-III driver fuel subassemblies were loaded in the outer region of the core to gradually expand the fuel region.
In the MK-III core, the fuel region was divided into two regions to flatten the neutron flux distribution. Two of six control rods were shifted from the 3rd row to the 5th row to provide the positions for loading instrumented type irradiation test subassemblies in the high flux region of the fast neutron field. In order to enlarge the high neutron flux irradiation field, the maximum number of fuel subassemblies was increased from 67 to 85 and the maximum number of irradiation test subassemblies can be increased from 9 to 21. The core height was decreased from 55 cm to 50 cm to obtain higher neutron flux with smaller power peaking. With the core modification, the maximum fast neutron flux (E ≥ 0.1 MeV) was increased from 3.2 x 10 15 n/cm 2 ·s to 4.0 x 10 15 n/cm 2 ·s and consequently the reactor power was increased from 100 MWt to 140 MWt.
Cooling System
Joyo has two primary sodium loops, two secondary loops and an auxiliary cooling system. Approximately 200 tons of sodium is used for the cooling system. In the MK-III 
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Design of MARICO
The main purpose of the MARICO is to evaluate the creep rupture strength of fuel cladding materials in the fast neutron irradiation environment. The creep rupture strength is an important fuel design parameter that determines the maximum fuel burn-up, and it depends closely on the temperature. Therefore, the MARICO was developed to carry out in-pile testing in Joyo with high temperature accuracy (5) .
Irradiation Rig and Test Assembly
The features and details of the MARICO are shown in Figs. 2 and 3. The dimensions of the MARICO are 15 cm in diameter and 11 m long. The test assembly containing the capsule cluster is attached at the bottom of the MARICO. In the test assembly, there are fifteen irradiation capsules that consist of three types: temperature control, on-line temperature monitor, and off-line temperature monitor. The irradiation capsules have been arranged in 3 rows and 5 axial elevations within the test assembly.
Irradiation Capsule
The structure of the temperature control type capsule is illustrated in Fig. 4 . The capsules containing the specimens have a double wall thermal insulated structure and are filled with sodium in order to maintain isothermal conditions. The temperature inside the capsule is measured with a thermocouple. In the first MARICO device (MARICO-1), when the specimen rupture occurred, the filled gas was released from the specimen. It was then detected by a gas void sensor which was attached to each capsule as shown in Fig. 4 . The temperature inside each temperature control type capsule is measured using the thermocouple. The temperature is then controlled by changing the mixture ratio of argon and helium gases enclosed in the thermal insulated gas gap between the capsule's double wall stainless tubes. The specimens can be kept at a constant temperature by controlling the heat flow across the gap. This method is similar to the FFTF/MOTA (6) . In the on-line temperature monitor type capsule, the temperature is measured using the thermocouple. In the off-line temperature monitor type capsule, the peak temperature experienced during the irradiation is evaluated by means of a thermal expansion difference off-line monitor (TED) during the post irradiation examination.
Test Result Using MARICO-1
The irradiation test of the MARICO-1 was conducted for 210 EFPDs (effective full power days) and 2.4 x 10 22 n/cm 2 (E ≥ 0.1 MeV) from August, 1994 to February 1997. During this irradiation test period, the temperature inside the capsule was successfully controlled with a precision of ±4 °C. However, the gas void sensor of each capsule failed to detect most of the creep ruptures except for two of the early ruptured specimens with the highest internal pressure.
Upgrading to MARICO-2
The experiences obtained in the MARICO-1 test led to efforts to upgrade to a second device, named MARICO-2. Table 2 shows the planned irradiation test conditions using the MARICO-2. The core irradiation position and axial neutron flux distribution of MARICO-2 are shown in Fig. 5 . The following modifications were conducted in designing the MARICO-2. 
Development of Electric Heater Capsule
Research groups in domestic universities are examining the irradiation damage of fusion materials using Joyo. An irradiation test was requested with precise temperature control not only during the rated power operation, but also during reactor start up and shutdown. In order to achieve this requirement, the use of an electric heater inside the capsule was designed for the MARICO-2. Development of the heater capsule was difficult due to the following two reasons:
(a) The capsule space is small compared to the diameter of the sheath of the micro-electric heater.
(b) There is little experience concerning the reliability of an electric heater used in the high temperature and gamma-ray environment. Out-of-pile testing of the capsule was therefore required. A prototype of the heater capsule was fabricated and a demonstration test was carried out under the condition that the experimental unit was thermally cycled and placed in sodium. The heater capsule developed is illustrated in Fig. 6 .
Irradiation Space and Temperature Range
The diameter of the fuel cladding specimens was enlarged from approximately 5 mm to 6.5 mm in MARICO-2. The lower temperature limit of irradiation was decreased from 495 °C to 405 °C, and the upper limit was increased from 670 °C to 750 °C to expand the irradiation temperature range. The process for changing the mixture ratio of argon and helium gases was also modified in MARICO-2 by dividing the gas replacement procedure into small steps.
Remote Handling for Assembling
In order to conduct a long-term irradiation experiment, it was necessary to handle the radioactive specimens transferred from the previous MARICO-1 or the FFTF irradiation test devices to the MARICO-2. Improvements to the structure and the irradiation capsule to allow for assembling specimens inside the hot cell facility by remote manipulation were designed and planned as part of the upgrade to the MARICO-2. A prototype of the test assembly was developed and a simulation of remote operations in the hot cell was successfully conducted in 1994. 
Improvement of Creep Rupture Detection
To determine by identifying the ruptured specimen, the following two methods were employed in the MARICO-2:
(a) Two Chromium/Aluminum (C/A) thermocouples were installed inside each capsule containing the ODS irradiation specimens as shown in Fig. 4 . One is located at the center of the capsule for temperature control, in the same manner as the MARICO-1, and the other is newly installed at the upper end of the MARICO-2 capsule to measure the temperature change due to the change of the thermal conductivity when the coolant in the capsule is replaced by the released gas.
(b) A few cm 3 of a unique blend of stable xenon and krypton tag gas is contained in each specimen together with the filled helium gas. The MARICO-2 test assembly had 4 capsules for creep rupture experiment, each containing 6 ODS specimens with different isotopic ratio of tag gas. In the event of a specimen rupture, the gases are released into the coolant sodium and transferred to the argon cover gas region as illustrated in Fig. 7 . The cover gas is then measured by means of gamma-ray spectrometry using the OLGM and the new RIMS device. The OLGM monitors the activated tag gas nuclides produced by (n, γ) reactions every 30 minutes using a high purity germanium semiconductor detector (7) . The RIMS, which has ultra high sensitivity to measure the xenon and krypton gases diluted in the cover gas volume to a level as low as a few ppb, was originally developed for the purpose of failed fuel detection and location and is now also applied to the MARICO tag gas identification. The RIMS system, shown in Fig. 8 , consists of a variable wavelength laser system and time-of-flight mass spectrometer. There is no increase of the background ion and isobaric interference because only xenon or krypton atoms are selectively excited resonantly and ionized (8) . 
Test Results
The MARICO-2 experiment was carried out in the Joyo MK-III 3rd to 6th operational cycles from April 2006 until May 2007. The cumulative irradiation time were approximately 200 EFPDs. During irradiation, the temperature of the irradiation capsules was controlled precisely and all creep rupture events were successfully detected. Figure 9 shows the irradiation temperatures controlled by changing the mixture ratio of argon and helium gases in the MARICO-1 and the MARICO-2 respectively. In the MARICO-2, the maximum irradiation temperature was increased from 670 °C to 750 °C. However, the irradiation temperature was controlled within the required control range of ± 4 °C satisfactorily.
Temperature Control
The electric heater also controlled the irradiation temperature in the heater capsule successfully. The inside of capsule was maintained at 477 °C during the reactor power ascent as shown in Fig. 10 . 
Creep Rupture Detection
Both the temperature change in each capsule and the gamma-ray spectrometry of the cover gas have detected creep rupture events successfully. Fourteen creep rupture events were detected during irradiation.
The temperature change more than 10 °C using thermocouples at the upper end of each capsule indicates the capsule which contains the ruptured specimen as shown in Fig. 11 . The OLGM successfully measured the gamma-rays emitted from 125 Xe, 127 Xe, 129m Xe, etc., which were the activated tag gas nuclides used to detect the creep rupture of specimens as shown in Fig. 12 . Eleven creep rupture events were observed by means of both the thermocouples and the gamma-ray spectrometry in the MK-III core 3-2 operational cycle from June to July, 2006.
A little rise of radioactivity was observed between event No. 6 and No. 7 in fig. 12 . The radioactivity change shows that the residual gas in No. 6 ruptured specimen was released because of temperature change of the same capsule and the same kind of tag gas that ruptured at No. 6 event. Radioactivity changes after No. 11 event were the same case as the event between No. 6 and No. 7. 
Identification of Ruptured Specimen
A 300 cm 3 sample was taken from the reactor vessel cover gas when a creep rupture was detected. The sampled cover gas, containing released tag gas which was diluted to isotopic ratios of 10 0 ~ 10 2 ppb, was measured by means of the RIMS to obtain isotopic ratios of xenon tag gas.
An example of the measured mass spectra is shown in Fig. 13 . It was compared with the 6 kinds of as-blended tag gas isotopic ratios. The isotopic ratios measured by the RIMS identified the tag gas corresponding to the ruptured specimen. The test result for the first tag gas release event in the MARICO-2 on June 12 th , 2006, is shown in Table 3 . The events of No. 7 and No. 8 shown in Fig. 12 indicated that two specimens contained the same capsule ware ruptured at a time because the temperature in the capsule only was changed more than other events. The ruptured specimens were identified by comparison of the isotopic ratios measured by the RIMS with the isotopic ratios mixed 2 kinds of tag gases. 
Conclusion
The MARICO test device has been developed to conduct on-line irradiation testing of materials at a constant temperature condition during reactor operation. Temperature control was first successfully achieved using the MARICO-1 in the Joyo MK-II core. Upgrading to the MARICO-2 involved installing electric heater capsules, extending the irradiation space and temperature range, conducting specimen assembly by remote handling, and providing precise detection of creep rupture.
Using the MARICO-2, an in-pile test is being conducted to evaluate the creep rupture strength of ODS ferritic steel under irradiation. The experiment was carried out in the Joyo MK-III core from April 2006 until May 2007 at temperature control precision of 4 °C. All creep rupture events were successfully detected by the temperature change at the exit of the capsule and by gamma-ray spectrometry, and the specimens were identified using RIMS. The measured in-pile creep rupture strength will contribute to the development of the ODS cladding tube for SFRs and some of Generation-IV reactors. 
